The vibrationally resolved spectral method and quantum chemical calculations are employed to reveal the structural and spectral properties of Coumarin 343 (C343), an ideal candidate for organic dye photosensitizers, in vacuum and solution. The results manifest that the ground-state energies are dominantly determined by different placements of hydrogen atom in carboxylic group of C343 conformations. Compared to those in vacuum, the electronic absorption spectra in methanol solvent show a hyperchromic property together with the redshift and blueshift for the neutral C343 isomers and their deprotonated anions, respectively. From the absorption, emission, and resonance Raman spectra, it is found that the maximal absorption and emission come from low-frequency modes whereas the highfrequency modes have high Raman activities. The detailed spectra are further analyzed for the identification of the conformers and understanding the potential charge transfer mechanism in their photovoltaic applications.
I. INTRODUCTION
In recent years, organic solar energy cells have attracted much attention as a kind of renewable energy sources. Organic dye-sensitized solar cell (DSSC) among them is becoming popular with the properties of cheapness and relatively high efficiency. [1] [2] [3] In DSSC, organic dye molecules play a key role since they determine both the efficiencies of photo absorption and charge injection into semiconductors. The 7-amino coumarin dye molecules (such as Coumarin 1, Coumarin 6, Coumarin 120, and Coumarin 343) have strong absorption and emission in the blue and green regions of the spectra. 4, 5 They thus become ideal candidates as dye photosensitizers. [6] [7] [8] [9] [10] [11] In addition, these dye molecules have other applications in laser dyes, 4, 5 solvation and fluorescence probe molecules. [12] [13] [14] [15] [16] [17] [18] [19] [20] [21] [22] Coumarin 343 (C343, see Fig. 1 ) is one of 7-amino coumarins and has been already used in DSSC. 7, [9] [10] [11] It has a rigid julolidine structure and was first reported in 1975 with a high quantum yield of fluorescence in ethanol. 4 Its crystal was first prepared from a chloroform solution by slow evaporation in 1996. 23 The detailed structural investigations show that the carboxylic group is coplanar with the planar coumarin moiety, the two piperidine rings take flattened sofa conformations and there is an intramolecular hydrogen bond (H-bond) between the carbonyl group (-C=O) and carboxylic group (-COOH). Meanwhile, experimental measurements show that the absorption and emission spectra of C343 strongly depend on the solvent polarity, the H-bond donation and acceptance abilities. 5, 14, 15, [24] [25] [26] [27] [28] [29] Especially, the different pH values of the solution may significantly change spectral properties. 12, 21, 28, 30, 31 For instance, C343 in basic solution a) Author to whom correspondence should be addressed. Electronic mail: yizhao@xmu.edu.cn.
may be ionized by one proton and become a deprotonated anion whose spectra are definitely different from the neutral C343. Available experimental studies have supplied the fundamental spectra information of C343 for the construction of DSSC. However, C343 essentially has many different conformations, and it is not still fully understood how different geometries affect their spectral properties. In this paper, therefore, we focus on this problem theoretically. In the past decades, in fact, stable ground states and pure electronic absorption spectra of coumarin derivatives in gas phase and in solution have been studied by using quantum chemical methods. [32] [33] [34] [35] [36] [37] [38] [39] [40] [41] [42] [43] For instance, in the framework of density functional theory (DFT), Preat et al. 33 investigated the UV electronic absorption spectra of substituted coumarins with various basis sets and functionals. It turns out that the BeckeLee-Yang-Parr functional (B3LYP) together with the polarized continuum model (PCM) provides valid ground-state geometries and the consistent UV spectra with experimental measurements. Cave et al. 32 explored various properties of C152, C153, C102, and C343 with DFT and time-dependent density functional theory (TDDFT) in gas phase. Their calculations reveal that the syn conformer is more stable than the anti conformer by 0.011 eV according to the calculations on C153 and TDDFT is an accurate and good tool for the examination of the ground and excited states of coumarins. For C343, several theoretical investigations 35, 39, 41, 43 have been also done. However, these studies mainly involve only one conformer, one excited state, and the solvent effect is not considered. To fully understand the photo-absorption of C343 conformers in a wide energy regime and in different environments, we investigate the geometries, ionization energies, and pure electronic absorption spectra in both gas phase and solution.
On the other hand, photo absorption and emission are intrinsically involved in the effect of the nuclear motions of molecules. The single-point excitation energies cannot reveal the detailed spectral property although they indeed predict the position of spectral peaks under Franck-Condon approximation. Therefore, vibrationally resolved spectra are essential to straightforwardly compare with experimental data and find the mode-specific effect on the spectra. Especially, resonance Raman spectroscopy can determine the mode-specific reorganizations and corresponding mode frequencies. An analysis of the resonance Raman spectra intensities can also obtain the excited state dynamics, which is particularly useful to describe the photo-induced ultrafast charge transfer process. Another purpose of the present paper is therefore to predict these vibrationally resolved spectra.
Compared to the pure electronic absorption and fluorescence, vibrationally resolved spectra need both quantum chemical calculations and quantum dynamical simulations. In the dynamical simulations, we use correlation function method in the time-domain to incorporate the vibrational motions. In the harmonic approximation, the analytical formulas for the correlation functions are available. [44] [45] [46] To get the vibrational modes on the ground and excited states, the project techniques 47 are employed in which Dushinsky rotational matrix can also be obtained. With the use of these methods, we aim to investigate the mode-specific contribution to the spectra in C343 conformers, which may be helpful to succeedingly design the high efficient DSSC.
The paper is organized as follows. Section II outlines the spectral theory and quantum chemical methods used in the paper. Section III illustrates results including the geometries, the ionization potentials, the pure electronic absorption spectra, vibrationally resolved electronic absorption, fluorescence spectra, and resonance Raman spectra. Concluding remarks are given in Sec. IV.
II. COMPUTATIONAL METHODS

A. Computational method for vibrationally resolved spectra
Vibrationally resolved spectra generally involve in the first excited state and ground state of molecules. For such twostate molecules, the Hamiltonian is given by
Here, |g and |e represent the electronic ground and excited states, respectively. ω eg is the difference between the potential energy minima of the two electronic states. γ is the factor related to the |e -state lifetime. Under the harmonic oscillator approximation, the nuclear Hamiltonians of the electronic ground and excited states can be written as
Here, P and Q are the dimensionless momentum and nuclear coordinates. ω is the vibrational frequency. Usually, the normal-mode coordinates of ground and excited states are different, and they can be correlated by Duschinsky rotation matrix S by Q e = SQ g + D. D is the displacement between the equilibrium configurations of the two electronic states. The corresponding eigenstate equation is written as
where n i and |n i stand for the nth vibrational eigenvalue and eigenwavefuction in the ith electronic state, respectively. The optical excitation taken place in the molecule is described by a dipole operator μ = |e μ eg g| + |g μ ge e|,
where μ eg is the molecular transition dipole moment. The vibrationally resolved absorption cross section α(ω) and emission cross section β(ω) are calculated by
with the dipole-dipole auto-correlation function 
where P m i is the thermal population of the mth vibrational state in the ith electronic state. For the resonance Raman spectra (RRS), the differential photon scattering cross section can be expressed as
where ω L and ω S denote the frequencies of the incident and scattering photons, respectively, c is the speed of the light, and the resonance Raman line shape S(ω L , ω S ) is given by the Kramers-Heisenberg-Dirac expression
where I n g ,m g is the Raman excitation profile for the transition from the vibrational state |n g to |m g . In the time domain, it has a form
with the correlation function
It is clear now that both the absorption (emission) and Raman spectra can be calculated by the time-dependent correlation function C mn (t). When compared Eq. (8) and Eq. (9) with Eq. (13), both incorporate the excited-state dynamics.
The only difference is that in the absorption, the excited-state propagation is projected back to the initial vibrational state in the electronic ground state, whereas it is projected to different vibrational state in RRS. The key step for the calculations of the spectra, therefore, is to propagate the excitedstate wavefunction. There are considerable approaches to do it. [50] [51] [52] [53] Under Condon approximation, these correlation functions have analytical solutions. 44 Thus, once the correlation functions are known, the absorption, fluorescence, and RRS can be obtained by simple Fourier transforms.
B. Quantum chemical calculation method
The geometries and the vibrational frequencies of the Coumarin 343 conformers at their ground states are determined by using the B3LYP functional [54] [55] [56] and the 6-31+G** basis set. The numerical simulations confirm that B3LYP/6-31+G** treatment exhibits a good balance between accuracy and computational cost (see Sec. III). Based on the optimized geometries of the ground states, the single point energies and the vertical ionization potentials are computed by the B3LYP/6-311++G(3df,2pd) method. In order to get the adiabatic ionization potentials, the geometries of the groundstate cations are optimized at the UB3LYP/6-31+G** level of theory. The vertical excitation energies are obtained by TD-B3LYP
57-61 /6-31+G**, which is also used to optimize the geometry of the first excited state. 62, 63 Meanwhile, the frequency analysis is performed to assess their stability and obtain the normal modes. The solvent effect of methanol (MeOH) is incorporated by using the conductive polarized continuum model (CPCM). 64, 65 All the frequencies are scaled by a factor of 0.9642 (Ref. 66 ) and the quantum chemical calculations are performed with GAUSSIAN 09 programme package. 67 To get the shifts of the normal-mode coordinates in the electronic ground and excited states, one may start from the relationship between the Cartesian coordinates of the optimized donor and acceptor states by
where q d and q a represent the mass-weighted Cartesian coordinates of the donor and acceptor states, respectively, q is the corresponding shift. The normal mode coordinates Q can be transformed from Cartesian coordinates q as
where L is the transform matrix. It can be obtained from the diagonalization of the Hessian matrix K by
where ω are the frequencies. By using Eq. (15), Eq. (14) can be cast into
where 
III. RESULTS AND DISCUSSION
A. Geometries and stability
Geometries of the ground state
According to the previous studies on C343, 32 we choose four N-ring moieties (abbreviated as A, B, C, and D) and three carboxylic group (-COOH) moieties (abbreviated as a, b, and c), as depicted in Fig. 1 . A, B and C, D correspond to the syn and anti structures, respectively. These basic building components can construct 12 different isomers of C343, such as Aa, Ba, Cb, Dc, and so on.
In order to select the appropriate quantum chemical method and basis set, we take the Ca isomer as the test system, because Ca with the intramolecular H-bond can provide a direct comparison with experimental measurement. 23 First, we use different methods with the same basis set 6-31G**, including HF, MP2, and DFT with the functionals PBE0, BLYP, B3LYP, B3PW91, CAM-B3LYP, and ω-B97XD. From the obtained ground-state geometries and the available crystal structure data, 23 we calculate the correlation coefficient (R) and standard deviation (SD). The R and SD are obtained by using linear fitting of the bond lengths between non-hydrogen atoms. The results are listed in Table S1 of the supplementary material. 68 We note that B3LYP calculations exhibit the best performance with R = 0.9925 and SD = 0.0108. Second, we test different basis sets, including 6-31G**, 6-31+G**, 6-31++G**, 6-311G**, 6-311+G**, 6-311++G**, and 6-311++G(3df,2pd) (Table S2 in Ref. 68) . It is found that the 6-31+G** basis set shows a good balance between accuracy and computational cost (R = 0.9936 and SD = 0.0099). Accordingly, the B3LYP/6-31+G** approach is employed in the geometry optimization.
With the adopted basis set and method, we optimize the ground states of 12 isomers in both vacuum and methanol solution. We note that the optimized geometries in both the vacuum and solution are quite similar, where the nitrogen atom and the -COOH group are nearly coplanar with the coumarin moiety, and the carbon atoms 4 and 10 slightly deviate from the plane of coumarin moiety while the atoms 3 and 9 show notable deviation. Selected dihedral angles are compiled into Table I. As  Table I shows, the Ca structure among 12 isomers is in better agreement with the experimental measurement. 23 Table II displays the relative ground-state energies of different isomers. Clearly, the relative energies are nearly independent of the N-ring conformers (A, B, C, and D), and they are basically determined by the -COOH conformers (a, b, and c). For instance, the energy differences among Aa, Ba, Ca, and Da isomers are within 0.01 eV, while the energies of the isomers without the intramolecular H-bond (conformer b) are about 0.25 eV higher than those with the H-bond (conformer a). In vacuum, the energies of isomers containing the c moiety are generally 0.05 eV higher than those with the b subunit, but their energy differences almost vanish in methanol solution. This suggests that the isomers with the b or c moiety may coexist equally from the thermodynamical point of view. Furthermore, the most stable structure Aa (syn-form) in the gas phase is slightly higher in energy than the lowest-energy species Ca (anti-form) by 0.003 eV in methanol solution. The predicted bond lengths of Ca in solution show better agreement with experiment (R = 0.9972 and SD = 0.0064) among the isomers, which lends further support to that the Ca isomer most probably corresponds to the experimental structure. 
Ionization potentials
As an electron donor, the ionization energy is an important parameter to characterize the electron-donating ability. We calculate the vertical ionization potentials (VIPs) and adiabatic ionization potentials (AIPs) of different C343 isomers. The results are listed in Table III.   TABLE II As expected, AIPs are slightly smaller than the corresponding VIPs. The predicted values are close to the previously available data of 7.36 eV (VIP of syn-C343 in vacuum) and 7.23 eV (AIP of syn-C343 in vacuum). 32 It can also be seen from Table III that IPs of the structures with the intramolecular H-bond are higher than those without, and IPs for the syn-conformers are larger than the corresponding anti-conformers. Furthermore, the energy difference between VIPs and AIPs for syn-conformers are larger than those for the anti-conformers, suggesting that the structural relaxation of the syn-form cations is slightly more remarkable than the anti-form cations, compared to their neutral counterparts.
Taking into account of the ionization energies, one can estimate coarsely that the anti C343 conformer without the intramolecular H-bond in DSSC is slightly easier to inject electrons to the conduction band of semiconductor than others. Structurally, the adsorption of such anti-form isomers on the oxide surface is more facile and effective than those with the intramolecular H-bond. As shown in Table III , in methanol solvent, the VIPs are reduced by about 1.6-1.8 eV, showing remarkable solvation effect. Presumably, the presence of methanol solvent may facilitate the electron injection, compared to the gas phase.
B. Spectroscopic properties 1. Pure electronic absorption spectra
It is known that the pure electronic absorptions correspond to the vertical electronic excitations from the optimized ground-state geometries. We calculate these energies up to the 20th excited state. Before calculating the excitation In neutral C343 molecules, the carboxylic group can be dissociated into the carboxylate anion and the proton under the certain condition, such as surface adsorption on the oxide semiconductor. Although the hydrogen atom of the carboxylic group in "a", "b", and "c" conformers has different circumstances, their deprotonated anions are the same. Herein we also optimized the geometries of the anionic Aa and Ca conformers (abbreviated as Aa-a and Ca-a) and calculated their vibrational frequencies. Compared to the neutral form, the carboxylate group is not coplanar with the coumarin moiety, and the torsion angle is about 70
• in vacuum and 40
• in MeOH, which will lead to different electronic transition properties. In MeOH solvent, λ max of S 0 → S 1 transition for Aa-a and Ca-a are 405.9 nm and 407.2 nm, respectively, in good agreement with the experimental value of 410 nm. 68 ). In the simulations, the Lorentzian line-shape is used to fit the spectra, and the half-width at half height is 1500 cm −1 . It can be seen that the spectra of the neutral conformers are similar to each other, except for only slight position shift and intensity change. Based on calculations and orbital analysis of neutral C343, all of these spectral peaks arise from π → π * transitions. n → π * transitions are very weak with oscillator strengths about 0.0001, and they are buried in the near π → π * transitions and difficult to be observed in the experiment. Due to lack of experimental electronic absorption spectra of C343 in both the gas phase and solution in 200-550 nm regime, we find some spectra of other coumarin derivatives, such as C153 (3-COOH is substituted by 4-CF 3 )
4, 22 and C314 (3-COOH is substituted by 3-COOC 2 H 5 ), 4 whose absorption spectra above 200 nm have been determined experimentally. By comparing these experimental spectra 4, 22 with neutral C343 spectra simulated here, one can easily find that their shapes are similar, indicating that our calculations are relatively reliable.
Compared to the spectra in vacuum, as shown in Fig. 2 , the intensities of the S 0 → S 1 absorptions in the solution become much stronger for both the anionic and neutral C343, however, the anionic and neutral spectra have blueshift and redshift, respectively. In order to get more insight into such similarity and difference, we calculate the dipole moments of the ground state (μ S 0 ) and the first excited state (μ S 1 ), as well as the corresponding transition dipole moments for the neutral and anionic C343 in vacuum. μ S 0 of Aa, Ca, Aa-a and Ca-a are 12.6, 13.0, 23.6, and 24.3 Debye, and μ S 1 are 16.6, 16.9, 12.7, and 10.2 Debye, respectively. For neutral form, μ S 0 < μ S 1 , while for anion form, μ S 0 > μ S 1 . As is known that for a polar molecule in polar solvent, such as MeOH, the bigger the dipole moment is, the stronger the interaction between the solute and the solvent is, and the more the energy decreases. Therefore in MeOH solvent, for the neutral form, the energy of the first excited state decreases more than the ground state, and the red shift occurs. The anion form shows the blue shift. The magnitude of transition dipole moments for Aa, Ca, Aa-a, and Ca-a are 2.58, 2.62, 1.32, and 1.27 a.u. in vacuum and 3.74, 3.78, 3.24, and 3.32 a.u. in MeOH solvent. It's obvious that those in MeOH are larger than those in vacuum, so the intensity increases in MeOH.
For further information of the pure electronic absorption spectra, we mark the exact position of each absorption peak in Figs. S2 and S3 , and the assignments of these peaks are listed in Table S4 of the supplementary material.
Vibrationally resolved electronic absorption and fluorescence spectra
To incorporate the effect of the vibrational motions on the spectra, we first calculate the normal-mode frequencies and shifts (Fig. S4 in Ref. 68) in the electronic ground and excited states. The spectra are then calculated from the time dependent correlation functions. It is already known that A and B isomers have very close pure electronic absorptions, and the same is true for C and D isomers. Therefore, we only focus on the A and C isomers. Fig. 3 displays the absorption and fluorescence spectra of A and C conformers at 298 K temperature in solution for the purpose of comparison with experiment. 12 In the simulations, the damping factor γ is 850 cm −1 . It should be noted that the simulated results are blueshifted by 14 nm for the absorption and red-shifted by 17 nm for the fluorescence. These discrepancy of the maximal peaks comes from the energy gap of the excited and ground states for solvation effect beyond PCM model. The detailed comparison between simulation and experiment is listed in Table  S5 of the supplementary material. 68 However, the simulated spectral shapes are very well consistent with those of the experimental measurement except that the spectral peaks for different isomers have only a few nanometer shifts. Furthermore, the absorption and fluorescence have a nearly perfect mirror symmetry, manifesting that there are no large torsional motions between the ground and first-excited states.
For a better understanding of the mode-specific absorption and fluorescence, we calculate the spectra in vacuum at 0 K and γ is 5 cm the modes with the frequencies of about 120 cm −1 . Although weak absorption strengths for high-frequency modes, the absorption peaks can still be observed. For instance, the absorption of 0-1 transition for the C=O stretching mode in the pyrone ring appears, and they are at 1630 cm −1 , 1706 cm −1 , and 1749 cm −1 for Aa, Ab, and Ac, respectively. However, their absorption strengths are similar, which suggests that the modes with and without intramolecular H-bond have a similar absorption property.
The fluorescence spectra (see Fig. 5 ) have a mirror symmetry compared to the absorption. But the frequencies of the modes are slightly larger than those for the absorptions. It is well known that the frequencies of the absorption and fluorescence correspond to those in the electronic excited and ground states, respectively. The quantum chemical calculations reveal that the mode frequencies in the ground state are larger than those in the excited state. These different mode frequencies are exactly described in the absorption and fluorescence.
Resonance Raman spectra
Similar to the vibrationally resolved absorption and fluorescence spectra, we calculate the RRS in vacuum. The results for A conformers are displayed in Fig. 6 and others are shown in Figs. S9-S12 in Ref. 68 . The frequency range is limited to 0-2000 cm −1 because there are no resonance peaks between 2000 cm −1 and 2800 cm −1 , and only some very weak peaks appear above 2800 cm −1 . In the calculations, the excitation wavelength is chosen to be 508 nm on the basis of an experiment, 41 ω eg is set at the same value used in the absorption spectra and temperature is 298 K. Experimentally, Savin's relation, 50, 70, 71 
is commonly used to determine the mode specific reorganization energies, where I i is strength of RRS for the ith mode. The Savin's relation is obtained by the short time approximation in the Fourier transform (see Eq. (12) Fig. 6 , manifesting that the short time approximation is valid for the present systems. Fig. 6 explicitly shows that RRS are very similar for Aa, Ab, and Ac isomers, with weak peaks in low frequencies and strong peaks in high frequencies. However, for the same vibrational modes, the corresponding frequencies and RRS intensities are different. For example, C=O (in pyrone ring) stretching high-frequency vibrations occur at 1669 cm −1 , 1756 cm −1 , and 1781 cm −1 , for Aa, Ab, and Ac, respectively, similar to the vibrationally resolved fluorescence spectra except their intensities are much larger than those in the vibrationally resolved fluorescence spectra (Fig. 5) . This property can be experimentally used to identify different isomers. In Aa isomer, the intensity of mode with CH 2 wagging and ring skeleton vibration motions (1329 cm −1 ) is relatively weak, but they (1332 cm −1 in Ab and 1338 cm −1 in Ac) become very strong. This can be easily explained by the mode shifts in the excited states (Fig. S4 in Ref. 68 ) and Savin's relation (Eq. (18)). More interestingly, the intensity of mode with 801 cm −1 in Aa isomer are very similar to the modes with 770 cm −1 in Ab and Ac. However, they do not correspond to the same vibrational motions. The mode with 801 cm −1 corresponds to the out of plane bending of OH whereas the modes with 770 cm −1 are O=C-C-COOH out of plane bending vibration. These modes also can be easily used to determine the isomers with and without H-bond. The detailed assignment of each vibration mode is in Table S7 in Ref. 68 . Fig. 7 displays the RRS in the methanol solution. As expected, RRS are very similar to those in vacuum except for slight position shifts. For example, C=O stretching vibration of Aa decreases from 1669 cm −1 in vacuum to 1631 cm −1 in methanol solvent.
It is noted that the experiment 41 has only shown two remarkable peaks at 626 cm −1 and 1356 cm −1 for C343 in methanol solvent. Although both of them appear in the present simulated spectra (about 618 cm −1 and 1330 cm −1 ), there are still other strong peaks. Most of such peaks are associated with the vibration of -C=O, -OH, or -COOH. As is known that RRS are very sensitive to the polar solvent, and PCM model may not be enough to describe the interaction between C343 and methanol molecules. Further investigations with more reasonable solvent models, such as the cluster model, are needed to reveal the molecule-solvent interaction.
IV. CONCLUDING REMARKS
The vibrationally resolved spectral method and quantum chemical calculations, as well as the polarized continuum model, have been used to reveal the structural and spectral properties of Coumarin 343 (C343) isomers in vacuum and solution. In 12 different isomers, we have determined the most stable isomers in vacuum and methanol solution. It is found that the most stable syn-geometry with the intramolecular hydrogen bond (H-bond) in vacuum is switched into the anti geometry in solvent. The ionization potential of the anti conformer without H-bond is lower than the syn-conformer with H-bond, manifesting that the former may be easier to inject electrons to the conduction band of semiconductor than the latter. Compared to the gas phase, the presence of methanol solvent reduces the ionization potentials by about 1.6-1.8 eV, which may facilitate the electron injection. Further calculations for pure electronic absorption spectra reveal that C343 isomers and their deprotonated anions show redshift and blueshift, respectively, and all these spectra have a hyperchromic effect, compared to those in vacuum. From their vibrationally resolved spectra, we find that the 0-0 transitions in absorption and fluorescence are the strongest and only a single mode with low frequency (around 120 cm −1 ) dominates the spectra. In addition, the modes with and without H-bond do not show explicitly different in the spectra. However, in the resonance Raman spectra, weak peaks appear in low frequencies and strong peaks in high frequencies, which is opposite to the absorption and emission. For the isomers with and without intramolecular hydrogen bond, their resonance Raman spectra also have explicit difference. These properties of the resonance Raman spectra can be used to identify the different isomers.
